The effects of hyperglycemia on the time course of changes in cerebral energy metabolite concen trations and intracellular pH were measured by nuclear magnetic resonance (NMR) spectroscopy in rats sub jected to temporary complete brain ischemia. Interleaved 31p and IH NMR spectra were obtained every 5 min be fore, during, and for 2 h after a 30-min bilateral carotid occlusion preceded by permanent occlusion of the basilar artery. The findings were compared with free fatty acid and excitatory amino acid levels as well as with cations and water content in funnel-frozen brain specimens. One hour before occlusion, nine rats received 50% glucose (12 mJJkg i.p.) and five received 7% saline (12 mllkg i.p.). Before ischemia, there were no differences in cerebral metabolite levels or pH between hyperglycemic rats and controls. During the carotid occlusion, the lactatelN acetylaspartate (Lac/NAA) peak ratio was higher (0.73-1.48 vs. 0.56--0.82; p < 0.05) and pH was lower «6.0 vs. 6.45 ± 0.05; p < 0.05) in the hyperglycemic rats than in the controls. Phosphocreatine and adenosine triphos-Abbreviations used: [3-ATP, [3-phos phate of adenosine triphosphate; EAA, excitatory amino acid; FAMEs, fatty acid methyl esters; FFA, free fatty acids; Lac/NAA, lactatelN acetylaspartate ratio; NMR, nuclear magnetic resonance; PCr, phosphocreatine; Pi, inorganic phosphate; PME, phospho monoester; TLC , thin-layer chromatography .
During brain ischemia, depletion of high-energy phosphates, increase in inorganic phosphate (Pi), production of lactic acid by anaerobic glycolysis, development of acidosis, and release of free fatty acids (FFAs) and excitatory amino acids (EAAs) are associated with cell injury. In vivo and in vitro experiments have also shown that severe hypergly cemia affects the metabolism of ischemic brain (Welsh et aI, 1983; Tanaka et aI, 1985a,b) . How ever, the consequences of hyperglycemia on the time course of metabolic changes during and after vascular occlusion are poorly understood (Pulsinelli et aI., 1982a; Crockard et aI., 1987; Gadian et aI., 1987; Hope et aI., 1988) . Brain glucose levels and lactic acidosis are directly related to serum glucose levels after 5 min of ischemia (Ljunggren et aI., 1974) . Metabolic events during the early phase of reperfusion appear to be crucial for recovery from temporary ischemia and prevention of ischemic brain damage (N emoto et aI., 198 1) . After tempo rary ischemia, glucose consumption increases (Ginsberg et aI., 1985; Tanaka et aI., 1985a,b) and anaerobic glycolysis persists (Tanaka et aI., 1985a) . This may lead to prolonged acidosis (Siemkowicz and Hansen, 1978; Chopp et aI., 1987; Nedergaard et aI., 1987; Bolas et aI., 1988) and subsequent met abolic impairment and neuronal injury (Pulsinelli et aI., 1982b; Ginsberg et aI., 1985; Kozuka et aI., 1989) . Secondary reactions initiated by ischemia, such as edema, calcium influx, membrane lipolysis, free radical generation, and excitotoxin release, may be enhanced by intracellular acidosis (Siesjo, 1984) . These reports suggest that the evolution, du ration, and severity of metabolic events such as lac tic acidosis are important markers and possible de terminants of the severity of injury after ischemia. In contrast, other studies have shown that hyper glycemia has a protective effect on cells surround ing infarcts (Nedergaard et aI., 1987; Zasslow et aI., 1989) . Thus, additional information regarding the metabolic consequences of hyperglycemia and its effects on the temporal profile of ischemic changes in energy metabolism is needed.
In this study, we used in vivo nuclear magnetic resonance (NMR) spectroscopy to investigate the time course of changes in cerebral metabolite con centrations and intracellular pH in hyperglycemic rats and hyperosmolar controls before, during, and after complete cerebral ischemia. The NMR find ings were compared with tissue levels of EAAs, FFAs, cation concentrations, and water content af ter 2 h of reperfusion to determine whether hyper glycemic enhancement of lactic acidosis during temporary ischemia prevents recovery of energy metabolism and aggravates secondary biochemical injury after 2 h of reperfusion. In our previous NMR spectroscopy studies of metabolic recovery after in complete global ischemia in rats, a lactic acidlN acetylaspartate ratio (Lac/NAA) greater than 1.3 predicted failure to recover (Richards et aI., 1987) . The hypothesis to be tested in the present study was that a Lac/NAA ratio greater than 1.3, as deter mined by NMR spectroscopy, during reperfusion defines an irreversible metabolic insult.
MATERIALS AND METHODS

Surgical preparation
Male Bantin/Kingman rats (300-350 g) were anesthe tized with 3% isoflurane. After a tracheostomy was per formed, each rat was paralyzed with pancuronium (1 mgl kg i.p.) and mechanically ventilated with a rodent respi rator (Harvard 683, Harvard Apparatus, South Natick, MA, U.S.A.). Anesthesia was maintained with 1% iso flurane in 70% N 2 0 and 30% O 2 , Under the operating microscope, the omohyoid muscle was transected bilat erally through a 3-cm skin incision in the midline anterior cervical region. Both external carotid arteries and the pterygopalatine artery were occluded by bipolar coagula tion with microforceps and transected. The basilar artery was cauterized as described by Kameyama et ai. (1985) . Silastic tubing 0.047 cm in diameter (Dow Corning, Mid land, MI, U.S.A.) was looped around each common ca rotid artery and the sternocleidomastoid muscle, and the ends were brought out through separate skin perforations to form a snare that would allow remote-controlled vas cular occlusion. Scalp, periosteum, and temporal muscles were reflected to eliminate fat and muscle signal from the magnetic resonance spectra. Body temperature was maintained at 37.5 ± O.soC with a plastic water jacket. The NMR surface coil was positioned over the calvarium, and the rat was placed on a temperature-regulated cradle in the spectrometer.
Temporary global ischemia was induced by applying tension to the carotid artery snares. Previous studies have shown that this method results in a flat EEG and absence of brain perfusion (Shirane et aI., 1991) . After 30 min, the snares were released to allow 2 h of reperfusion. The resumption of blood flow was verified by microscopic inspection of vessels at the end of the experiment. One hour before the occlusion, 10 rats received 50% glucose (12 mllkg i.p.). Five rats received the same volume of 7% saline as controls for possible osmotic effects of the hy perosmolar glucose solution. All but 3 of the 15 rats re ceived additional infusions of normal saline solution (4 ml kg -I h -I ) during the experiments to maintain normal blood volume and blood pressure.
Physiological monitoring
Blood pressure, blood gases, and serum glucose were measured throughout the experiment by blood sampling with a femoral arterial catheter (PE-50). The serum glu cose levels at the onset of ischemia and after 30 min of reperfusion were measured with a glucose analyzer (Model 23A, Yellow Springs Instruments, Yellow Springs, OH, U.S.A.). Serum osmolarity was measured with a vapor pressure osmometer (Model 5500, Wescor, Logan, UT, U.S.A.) before, after the onset, and 30 min after the release of carotid occlusion.
Nuclear magnetic resonance spectroscopy
NMR spectra were acquired with a horizontal-bore, 5.6-T magnet equipped with a Nicolet 1180 data system (Madison, WI, U.S.A.) and a 293B pulse programmer. A two-turn elliptical surface coil 9 x 12 mm in diameter was doubly tuned to 95.8 and 236.8 MHz for 31p and lH spec troscopy, respectively (Schnall et aI., 1985; Chang et aI., 1987a) . The magnetic field was homogenized to 20-30 Hz linewidth at half-height of the brain water proton reso nance. 31p and lH spectra were acquired alternately as described by . The lH pulse sequence consisted of presaturation of the water proton resonance followed by a Hahn spin-echo sequence of 120 ms to the echo. The nominal 90° pulse was defined as the pulse width that gave the maximum intensity of the water line in a pulse-acquire experiment (typically 45-50 fl.s). In the 31p spectra, the baseline hump was reduced by a low power irradiation 22 ppm downfield from the phosphocre atine (PCr) resonance (Gonzalez-Mendez et a!., 1984) ; the length of the excitation pulse was optimized to yield the maximum signal intensity given the pulse sequence rep etition time of 1.52 s. Starting 15 min before occlusion, free induction decays were collected continuously, and signal averages of 5-min blocks were stored. Thus, 3, 6, and 24 spectra were recorded before, during, and after occlusion, respectively.
Apodization consisted of exponential line broadening of 5 and 20 Hz for the lH and 31p spectra, respectively. Linear baseline corrections in spectral sections around each of the resonances were applied before the peak po sitions and areas were evaluated with a line fitting rou tine. The chemical shift difference (8, in ppm) of the Pi peak relative to the PCr peak was related to the intracel lular brain pH (Petroff et a!., 1985) by the equation pH = 6.77 + log[(8-3.29)/(5.68-8)].
In spectra without a PCr reference peak, the frequency calibration of other spectra of the same series was used, which is justified by the stability of both the lH and 31p resonance positions throughout the experiment. The er ror is estimated to be 0.1 unit for pH of 6.2-7.2; outside this range, relative changes are accurate as long as the Pi chemical shift is sensitive to pH. For each rat, the peak areas and pH values were plotted as a function of time; in the last 60 min of reperfusion, results from every second spectrum were taken into account.
After 2 h of reperfusion, the brain was rapidly exposed by craniectomy, funnel frozen with liquid nitrogen, and stored at -70°C until specimens containing mostly cortex and some white matter were processed for neurochemical analysis. Because the rats were subjected to complete global ischemia, separate analysis of different brain re gions was not performed.
Neurochemical studies
Amino acid analysis. Free amino acids were extracted, derivatized, separated, and quantitated using a modifica tion of the method of Allison et a!. (1984) , as previously described (Faden et al., 1990) . Briefly, brain samples (20-40 mg each) were sonicated in 850 fl.1 of 0.4 M perchloric acid and 1.0 mM EDT A, with u-aminobutyric acid as an internal standard. The homogenate was centrifuged, and the supernatant was removed for amino acid analysis. The pellet was saved for protein determination as de scribed by Bradford (1976) . Electrochemically active de rivatives of the extracted amino acids were made by gent ly mixing 20 fl.l of the extract with 100 fl.1 of derivatizing solution (2 ml of methanol, 27 mg of ophthalaldehyde, 20 fl.1 of t-butylthiol, and 4.5 ml of 100 mM borax, pH 10.0). Then, 20 fl.1 of the solution was separated by high performance liquid chromatography (HPLC) and quanti tated electrochemically. The amino acids were separated, eluted with a gradient of acetonitrile (18-31%) in 50 mM potassium phosphate buffer, pH 7.1, and quantitated from the integrated peak areas. The linearity of the de-J Cereb Blood Flow Metab, Vol. 12, No.3, 1992 tector response was checked with pure standards of each amino acid. All amino acid values are expressed as fl.mol! mg of protein.
Lipid analysis. Lipid analysis was performed as previ ously described (Faden et a!., 1990) . Briefly, lipids were extracted from brain tissue specimens by homogenizing 5-10 mg samples in 2 ml of hexane/2-propanol (3:2, vol/ vol) (Hara and Radin, 1978; Saunders and Horrocks, 1984) . The homogenate was filtered and washed twice with 2 ml of the extracting solvent. The filtrates from all samples were combined, evaporated under a stream of N 2 , and redissolved in 2 ml of chloroform. The lipids were then separated into fractions on 1.0 g silicic acid columns (Sil-LC, Sigma, St. Louis, MO, U.S.A.) and eluted with 100 ml each of chloroform (neutral lipids) and methanol (polar lipids). The solvents were removed with a rotary evaporator, and each fraction was redissolved in 100 fl.l of hexane/2-propanol (3:2). A 10-fl.1 aliquot was removed from the polar lipid fraction for colorimetric determina tion of total lipid phosphorus as detailed by Rouser et a!. (1969) . The remaining particulate matter from the homog enization was used to estimate protein as described by Bradford (1976) .
Cholesterol and total FF As were separated by thin layer chromatography (TLC). Spots on TLC were sprayed with a solution of 6-p-toluidine-2-naphthalene sulfonic acid and exposed to ultraviolet light (Jones et a!., 1982) . Lipid bands were scraped from the plates before analysis. Cholesterol was quantitated by the method of Bowman and Wolf (1962) . A heptadecanoate internal standard was added, and fatty acid methyl esters (FAMEs) were prepared using a modification of the method of Allen et a!. (1984) . A gas chromatograph (Sigma 300, Perkin-Elmer, Norwalk, CT, U.S.A.) was used to separate and quantitate the FAMEs. The linearity of the chromatographic detector was checked with known standards. The chromatograms were recorded, and peak areas were calculated with a chromatographic data sta tion (Model 2600, Nelson Analytical, Cupertino, CA, U.S.A.).
Water content and cation concentrations. Water con tent was measured by the wet-dry weight technique. N a +, Ka +, and Mg 2 + concentrations were determined by flame spectrophotometry (Perkin-Elmer, Norwalk, CT, U.S.A.).
Statistical analysis
The statistical significance of differences in baseline physiological variables between groups was determined by t test. Differences in pH, cerebral energy metabolites,
and Lac/NAA were tested by repeated measures analysis of variance. The correlation between variables was tested by linear regression and Spearman rank-correlation tests. In all cases, p < 0.05 was considered significant.
RESULTS
The rats were divided into three groups: the five control rats (group A), five hyperglycemic rats that showed almost complete metabolic recovery during reperfusion (group B), and four hyperglycemic rats that did not recover metabolically (group C). One Values are means ± SD. pO, = arterial oxygen tension; pCOz = arterial carbon dioxide tension; MABP = mean arterial blood pressure.
rat that became hypoxic was excluded from analy sis. Arterial pH, blood gases, and mean arterial blood pressure are shown Table 1 . Although the differ ences were not statistically significant, the baseline blood pressure was slightly lower in group C than in groups A and B. There were no statistically signif icant differences in baseline blood gas levels. Arte rial pH and p02 values did not differ between groups during the experiment nor were they af fected by ischemia. Hyperglycemia accentuated the transient rise in blood pressure upon induction of ischemia and increased the severity of respiratory and physiological response to ischemia, as reflected by the 30% increase in pC02 during reperfusion (groups B and C) and the gradual decline in blood pressure toward the end of the experiment in group C ( Table 2 ). The average serum glucose levels dur ing and after ischemia were 4-to 13-fold higher in the hyperglycemic rats than in the control group (Table 2) . Serum osmolarity in the hyperglycemic rats was not significantly different from that in the saline-infused controls before (296 ± 9 vs. 299 ± 8 mOsm/L) or after (339 ± 19 vs. 333 ± 6 mOsmlL) infusion.
NMR spectroscopy
The NMR findings and the average serum glucose level in each rat are summarized in Table 2 . The rats are numbered 1 to 14 according to increasing serum glucose values. Typical I H and 31p spectra from each group at different times during the experi ments are shown in Fig. 1 . The time course of changes in peak areas of adenosine triphosphate (ATP) , pH, and the Lac/NAA ratio are shown in Figs. 2-4. Before occlusion, there were no differ ences in I H and 31p spectra between groups. Thus, hyperglycemia did not alter the levels of metabo lites or pH (average pH 7.16 ± 0. 10) in nonischemic brain. Ischemia. During the first 5 min of ischemia, ATP ( Fig. 2) and PCr (not shown) were depleted to such an extent that their 31p signals were undetectable. pH also declined rapidly in all groups (Fig. 3 , Table  1 ). In group A, pH dropped to 6.45 ± 0.05 but the decline leveled off within 15 min. In group B, the same time course was observed but the decrease was consistently larger by about 0.25 pH unit. In group C, pH was lower than 6.0 in all rats and con tinued to decrease after 15 min of occlusion in two of them; in the most hyperglycemic rat, pH dropped below the level measurable by this method. After 15-30 min of occlusion, pH correlated well with se rum glucose levels (Fig. 4) . Similarly, the Lac/NAA ratio at the end of the occlusion was lowest in group A (0.56 to 0.82), high est in group C (0.85 to 1.48), and intermediate in group B (0.73 to 1.03) (Fig. 5) ; however, the ratios varied even among rats with similar brain pH and glucose levels. The average ratio of NAA during occlusion to the baseline NAA peak area was lower in group C (0.65) than in groups B (0.8 1) and A (0.86), but the average postocclusion to preocclu sion ratios were higher in group A (0.98) than in groups B (0.84) and C (0.60); the differences be tween groups were not significant. Pi increased 5-to lO-fold compared with the preocclusion values; there were no significant differences between groups (Table 2) .
Reperfusion. With few exceptions, the Lac/NAA ratio increased at the start of reperfusion (i.e., the lactate peak rose more than the NAA peak, which recovered to its preocclusion level). However, the extent and time course of this increase differed sub stantially between groups. In group A, the Lac/ NAA ratio reached a maximum of 0.8 and de creased within 5 min. In group B, the ratio ranged from 1.0-1.2, and recovery began within 5-15 min. The ratio declined to less than twice the preocclu sion levels within 30-60 min of reperfusion in group A and within 60-90 min in group B. In group C, however, Lac/NAA was greater than 1.2 after 15 min of reperfusion and continued to increase, reaching a maximum of 1.4-3.7 (Fig. 5, Table 2 ).
Despite the increase in Lac/NAA, the pH began to increase in the control group at the start of reper fusion. In group C, as expected from the increasing Lac/NAA ratio, the pH dropped rapidly to very low values that never exceeded 6.0 during reperfusion. In groups A and B, the pH started to normalize within 20 min and reached preis chemic levels within about 45 min (Fig. 3, Table 2 ).
ATP and PCr reappeared in the NMR spectrum within 5 min after the start of reperfusion in all rats in groups A and B, but remained undetectable for at before, during, and after ischemia in groups A, B, and C. A pH value of 5.2 represents the lower limit of detection with this method. In C, the curve for the rat that showed the best recovery is identified.
least 25 min in group C ( the end of reperfusion to those obtained before isch emia was 1.2 in group A, 0.98 in group B, and 0-0.6 in group C ( Table 2 ). The ATP levels during reper fusion fluctuated in each rat and varied between groups such that consistent differences in the recov ery rate between groups A and B could not be de tected. ATP recovered to an average of only 75% of preocclusion values after 30 min of reperfusion in both groups. In group C, ATP recovered to less than 40% of control (Fig. 2, Table 2 ). Pi began to decrease immediately upon reperfusion in groups A and B, and within 30 min the peak areas were only twice the preischemic level. In group C, Pi dropped very little (rats 11 and 14) or by only 50% (rats 12 and 13) during 2 h of reperfusion (Table 2) .
Biochemical measurements
Decreases in tissue levels of glutamate and aspar tate measured at death after 2 h of reperfusion showed a statistically significant correlation with blood glucose concentration measured during isch emia and reperfusion (Fig. 6 ). Depletion of these amino acids also correlated with decreases in ATP and PCr and with increases in lactate and the Lac/ NAA ratio; aspartate correlated with Pi and the PCr/Pi ratio as well (Table 3) .
Increases in total tissue FF A and arachidonate levels correlated significantly with blood glucose concentration after 2 h of reperfusion (Fig. 7) . Changes in total FF A and arachidonate also corre lated with lactate, Lac/NAA, pH, and PCr/Pi; arachidonate correlated with ATP as well (Table 4) .
The blood glucose concentration during the ex periment did not correlate with water content or with N a + , K + , or Mg 2 + concentration measured at death. Water content and cation concentrations did not correlate with FFA or amino acid levels.
DISCUSSION
In this study, serum glucose levels correlated with the severity and time course of changes in in tracerebral lactate and energy metabolite levels measured in vivo during temporary global ischemia and with changes in brain tissue levels of total FFAs and EAAs after 2 h of reperfusion. In addition, a Lac/N AA ratio greater than 1.3 during reperfusion predicted failure to recover metabolically. The correlation between NMR metabolite mea surements in vivo, serum glucose, and in vitro neu rochemical findings in this study suggests that lactic acidosis is associated with more severe delayed cy totoxic reactions in severely hyperglycemic rats Blood Glucose mg/dl in tissue levels of EAAs (Benveniste et aI., 1984) . The decreased levels of EAAs observed in the hy perglycemic rats probably reflect enhanced early release of glutamate, which could lead to excito toxin-induced cell death (Simon et aI., 1984) .
Water content and cation concentrations at death did not correlate with blood glucose levels or isch emic alterations of energy metabolites during the experiment or with FF A or EAA levels at death. The 30-min episode of temporary complete isch emia used in our studies represents a severe isch emic insult that would be expected to disrupt en ergy-dependent membrane mechanisms of cation and water homeostasis during ischemia and reper fusion. However, another study showed that shifts of extracellular water into the intracellular space usually associated with early postischemic cellular edema resolved within 1.5-3 h after the start of reperfusion following 10 min of temporary forebrain ischemia, even though recovery was slower in hy perglycemic rats (Warner et aI., 1987) . It is possible that delayed vasogenic edema not present after 2 h of reperfusion might have appeared at later time points (Warner et aI., 1987) . than in moderately hyperglycemic or normoglyce mic rats. Such reactions may influence the outcome after cerebral ischemia. Thus, polyunsaturated fatty acids may contribute to secondary tissue damage after ischemia either through direct effects on cell membranes or through metabolic products such as thromboxanes or leukotrienes (Chen et aI., 1986; Dempsey et aI., 1986) . Lipid hydrolysis may also contribute to tissue injury through the generation of free radicals and inhibition of such membrane bound enzymes as Na +, K + -ATPase (Cooper et aI., 1980; Chan et aI., 1987) . Cerebral ischemia also leads to the early release and subsequent reduction
The most substantial NMR and biochemical changes were found in rats with serum glucose lev els greater than 970 mg/dl. The changes in energy metabolism during ischemia in rats with less severe hyperglycemia (491-721 mg/dl) did not differ signif icantly from those in normoglycemic controls. Sim ilarly, in vivo NMR spectroscopy during incom plete global cerebral ischemia in lambs showed no differences between animals with glucose concen trations of 300 mg/dl and normoglycemic controls (Hope et aI., 1988) . Thus, tolerance of hyperglycemia during complete ischemia appears to be high; the crit ical glucose level in our complete ischemia model was 900-1,000 mg/dl. However, we did not monitor brain temperature, so it is possible that passive brain cooling during ischemia resulted in protective levels of cerebral hypothermia despite maintenance of normal body temperatures during the experiments.
Hyperglycemia exacerbated cerebral acidosis during occlusion, and lactate accumulation was glu cose dependent (Table 2 ). However, low intracellu- (8) showing the relationship between brain arachidonic acid (mean ± SD) after 2 h of reperfusion and average serum glucose levels during the experiment. Total free fatty acids also correlated well with serum glucose (not shown).
lar pH during occlusion is not exclusively respon sible for preventing recovery. One rat in group B, for example, recovered despite a pH as low as that seen in group C; moreover, nonischemic rats with experimental hypercarbia resulting in brain pH val ues of 6.5 measured by NMR also recovered meta bolically (Litt et al., 1985) . More important are the extent and rate of pH decrease and lactate accumu lation during the first 10-20 min of reperfusion. De pending on the degree of hyperglycemia, additional lactate is produced after cerebral blood flow is re established (Chopp et al., 1987) . Thus, if concentra tion-dependent cytotoxic effects of lactate or other metabolites occur, they may be aggravated by reperfusion (Ginsberg et al., 1985) . In fact, the Lac/ NAA ratio began to decrease within 15 min after the start of reperfusion in all rats that recovered meta bolically, whereas the lactate level continued to in crease in extremely hyperglycemic rats that did not recover. Assuming that microcirculatory obstruc tion did not result in impairment of recirculation, this striking difference may reflect the loss of func tional integrity of the mitochondria or a recently reported effect of glutamate receptor activation by electroconvulsant shock or cardiac arrest that stim ulated glucose uptake and increased lactate produc tion (Kuhr and Korf, 1988; Schasfoort et al., 1988) .
The additional increase in LaclN AA ratios in the initial spectra obtained after the onset of reperfu sion (Fig. 5A ) in most rats was associated with a further increase in the lactate peak areas in all groups, whereas a persistent decrease in NAA peaks occurred only in group C. A further increase in lactate levels is unlikely to be due to stimulation of anaerobic glycolysis by resupply of glucose with out recovery of oxygen availability. The lack of ATP recovery and the progressive increase in lac tate peak areas in group C could also be due to the occurrence of irreversible damage to enzymes re quired for oxidative metabolism.
Lactate itself, however, may not be the neuro toxic agent. In vitro studies have shown only a 30% increase in brain lactate at blood glucose levels above which ATP recovery is impaired (Welsh et al., 1983) . Increased cellular edema, lipid peroxida tion, enzyme damage, mitochondrial inhibition, and ischemic cell necrosis are also associated with isch emic acidosis (Hossman et al., 1982; Hillered et al., 1984; Halsey et al., 1988; Kempski et al., 1988; Rehncrona et al., 1989) . In addition, endothelial swelling and postischemic hypoperfusion are aggra vated by hyperglycemia (Pulsinelli et al., 1982a; Kagstrom et al., 1983; Paljarvi et al., 1987) . Our results show that the intracellular pH correlated with LaclNAA when the ratio was 2.0 or less but not when it was greater than 2.2 ( Figs. 3 and 5) . In contrast to findings of other studies (e.g., Gyulai et al., 1987; Chang et al., 1990) , the recovery of intra- (Smith et aI., 1986) . The Lac/NAA ratios measured in vivo by NMR methods can be related to actual brain lactate con centrations in order to correlate the findings with the results of in vitro studies suggesting that tissue lactate levels may predict the occurrence of irre versible brain injury. For our experimental condi tions, the conversion factor was determined by pre vious studies to be about 20 j.Lmol/g of lactate per unit of Lac/NAA (ratio of I H NMR methyl peak areas) (Chang et aI., 1987b) . However, this conver sion relies on a number of assumptions and param eters that are difficult to measure (Chang et aI., 1987b; Gyulai et aI., 1987; Hope et aI., 1988) . Even though the lactate peak detected at 1.33 ppm may also include some signal from lipids, some lipid sup pression occurs with the pulse sequence utilized. The signal-to-noise ratio was low enough to mea sure lactate peak areas in baseline spectra, and in vivo NMR and chemical measurements in normal and hypoxic or ischemic brain correlated with Lac/ NAA ratio changes in our previous studies (Chang et aI., 1987b) . Despite the qualitative approximation of baseline lactate levels achieved with this method, our previous study of incomplete global ischemia showed that rats with a Lac/NAA ratio of 1.3 or less during ischemia recovered metabolically and toler ated an additional ischemic insult, whereas those with higher ratios failed to recover or survive a sec ond vascular occlusion (Richards et aI., 1987) . Sim ilarly, in the present study, hyperglycemic rats with Lac/NAA ratios greater than 1.3 during complete ischemia did not recover metabolically.
At the end of reperfusion, PCr levels in the con trol group were about 20% greater and ATP values about 25% lower than the preocclusion values. This finding, noted in our previous NMR studies of this animal model (Chang et aI., 1990) , can be explained by nucleotide depletion due to ischemia (Siesj6, 1984) . In rats with higher glucose levels (group B), PCr did not increase, perhaps because acidosis in hibited the creatine kinase reaction. The results in hyperosmolar controls were identical to those seen during 30 min of temporary global ischemia in rats that did not receive 7% saline or glucose infusions (Chang et aI., 1990) . Thus, there is no evidence that hyperosmolarity alone had any metabolic effect.
Certain limitations of the NMR technique must be considered to interpret the results appropriately.
Because of the size of the surface coil, most of the signal originates from the brain cortex, where the effects of glucose on regulation of cerebral blood flow (Duckrow et aI., 1987) and infarct size after ischemia (Ginsberg et aI., 1985; Prado et aI., 1988) differ from other regions of the brain. Even though ischemia is complete and global with our model, regional differences in pH and metabolite levels are likely, especially during reperfusion (Welsh et al., 1983) . Evidence for this is provided by the Pi reso nance, which in some spectra was very broad or showed a partially resolved shoulder, usually on the low-resonance side, indicating a small area of higher pH. The pH values reported here were esti mated from the major component of the Pi peak. The accuracy of the Pi measurements is limited be cause the small peak area and the overlap of multi ple phosphomonoester resonances make it difficult to measure precisely the Pi peak areas before oc clusion.
Variability of the Lac/NAA ratios may be related to the observation that the N AA peak area in the 14 rats was 10--40% lower during occlusion than before or after occlusion. It is not clear whether this vari ability is artifactual or is caused by a change in re laxation times or NAA concentration. NAA is thought to be distributed throughout the brain in neurons but not in glia (Moffet et aI., 199 1) . Recent observations suggest that brain NAA is decreased in acute and chronic conditions where neuronal loss has occurred (Birken and Oldendorf, 1989) . Al though a trend toward greater reduction in N AA peak areas was seen during and after ischemia in group C (extreme hyperglycemia), the difference from preocclusion values was not statistically sig nificant because of variability in peak areas and the small sample size. Since NAA reduction may also be a marker of ischemic neuronal injury, the NAA peaks obtained during ischemia and reperfusion, rather than those obtained before ischemia, were used to calculate the Lac/NAA ratios.
In conclusion, our results indicate that only pro found hyperglycemia (serum glucose of 900-1,000 mg/dl) leads to failure of recovery from severe ce rebral lactic acidosis as well as increased FF A and EAA release after temporary complete global isch emia. Hyperglycemia that would be considered clinically quite severe (490-720 mg/dl) was associ ated with almost complete metabolic recovery and only with a delayed increase in arachidonic acid but not with persistent edema or glutamate release. Al though hyperglycemia significantly accentuates the decrease in pH during occlusion, the crucial indica tors for metabolic recovery during reperfusion are the rate of restoration of A TP and PCr levels and the changes in pH and lactate level when blood flow is first re-established. EEG, survival, and histolog ical studies of this model have shown that after 30 min of ischemia and 2 h of reperfusion, normogly cemic rats do not recover normal EEG or neurolog ical function at 24 h and suffer ischemic neuronal damage. Thus, the present study provides addi tional evidence of a dissociation between recovery of mitochondrial energy metabolism after tempo rary ischemia and failure to restore neurological function or maintain neuronal viability. These ob servations also suggest that clinically relevant lev els of postischemic hyperglycemia and lactic acido sis may not affect delayed cytotoxic reactions that influence the ultimate extent of ischemic brain in jury.
